Abstract: Wild-growing mushrooms are a complementary foodstuff, widely consumed as a delicacy, in Italy. They are considered excellent bioindicators of environmental pollution and the accumulation of radionuclides can pose a radiological hazard. K, respectively. Experimental activity concentrations allowed us to determine the effective dose due to the ingestion of mushrooms by adult members of the population. It was found in the range from 0.25 to 1.35 μSv/y, much lower than the recommended level for the public (1 mSv/y). Data obtained in this article provide useful information on the environmental risk and can be further used for a radiological mapping of the studied area.
PUBLIC INTEREST STATEMENT
The main aim of this work is to investigate about the radioactivity content in wild-growing mushrooms, a complementary foodstuff widely consumed as a delicacy, collected from four different sampling sites in the Calabria region, south of Italy. They are considered excellent bioindicators of environmental pollution and the accumulation of radionuclides can pose a radiological hazard. 137 Cs and 40 K activity concentrations were measured through highresolution gamma-spectrometry in different mushroom species (Agaricus arvensis, Leccinum quercinum, Boletus aereus, Lactarius deliciosus, Boletus edulis, Macrolepiota konradii, Cantharellus lutescens) and experimental specific activities allowed us to determine the effective dose due to the ingestion of mushrooms by adult members of the population.
Data obtained, in this article provide, useful information on the environmental risk and can be further used for a radiological mapping of the studied area.
Introduction
Mushrooms are considered excellent bioindicators of environmental pollution, since they bioaccumulate heavy metals (Horyna, 1991; Kalac, 2010) . Most radionuclides, whether anthropogenic or naturally occurring, being also heavy metals can be bioaccumulated by mushrooms and, thus, their contents can pose a health hazard, mainly in areas heavily contaminated by radioactive fallout .
The analysis of the radioactive content of mushrooms reported in literature was mainly focused on radiocesium, a long-lived anthropogenic radionuclide (T 1/2 = 30.2 years) chemically analog of potassium and released into the environment by atmospheric nuclear weapons tests and various accidents involving nuclear materials , and on 40 K, because mushrooms contain between 1.5 and 117 g of potassium per kg of dry matter and, thus, its levels in many species are considerably higher than those in foods of plant origin (Júnior, Cardoso, Silva, Silveira, & Amaral, 2006; Seeger & Schweinshaut, 1981 Am, etc.) and natural (uranium and thorium daughter products) radionuclides were less studied, because their content and radiological impact rarely surpass those of 137 Cs and 40 K (Lux, Kammerer, Ruhm, & Wirth, 1995; Mietelski et al., 2002; Wichterey & Sawallisch, 2002) .
The main objective of the present work was to estimate the anthropic and naturally occurring radionuclide content of wild-growing mushrooms from the Calabria region, south of Italy, in order to assess whether they may pose a health hazard like complementary foodstuff, widely consumed as a delicacy mainly by the local population. Radionuclides content depends on several parameters, including the level of radioactive fallout or naturally occurring radionuclides in the environment, the mushroom species, its nutritional mechanism, mycelium depth (the substrate from which the mushroom takes up nutrients together with radionuclides), climate, and bioavailability of the radionuclide (Skuterud, Travnikova, Balonov, Strand, & Howard, 1997) . In order to compare our experimental data, reported for samples fresh mass, with the literature ones obtained for dry mass, a dry/wet ratio of 0.1 was used, according to the mean value reported in literature (Baeza et al., 2004) .
Materials and methods
Five samples of 1 kg each for every different species of wild-growing mushrooms (Agaricus arvensis, Leccinum quercinum, Boletus aereus, Lactarius deliciosus, Boletus edulis, Macrolepiota konradii, Cantharellus lutescens) were collected in four sampling sites of the Calabria region, south of Italy: site 1 (GPS coordinates: 38°21′43″ N, 16°14′24″ E), site 2 (38°02′41″ N, 15°54′00″ E), site 3 (38°10′06″ N, 15°47′21″ E), and site 4 (38°18′50″ N, 16°11′59″ E).
The map of the sampling points is reported in Figure 1 .
All samples were homogenized, after the removal of not edible parts, prior to be inserted in Marinelli containers of 1 L capacity for the Gamma-Spectrometry analysis. They were counted for 70,000 s and spectra analyzed to obtain the activity concentration of 137 Cs and 40 K through the evaluation of their γ-line at 661.66 keV and 1,460.8 keV, respectively. The uncertainty is given at the 95% confidence level.
The experimental setup is composed by two Ortec HPGe detectors and integrated digital electronics. The first is a negative biased detector (GMX) with FWHM of 1.94 keV, peak to Compton ratio of 65:1, and relative efficiency of 37.5% at 1.33 MeV ( 60 Co). The second one is a positive biased detector (GEM) with FWHM of 1.85 keV, peak to Compton ratio of 64:1, and relative efficiency of 40% at 1.33 MeV ( 60 Co). Detectors were shielded from environmental background, using lead shields with copper and tin lining. Efficiency and energy calibrations were performed using Eckert and Zigler Nuclitec GmgH traceable multinuclide radioactive standards, number SV 277, covering the energy range 59.54-1,836 keV, customized to reproduce the exact geometries of samples in a water-equivalent epoxy resin matrix.
The Gamma Vision (Ortec) software was used for data acquisition and analysis . In particular, an appropriate library containing key information (energy, half-life, etc.) about the radionuclides present in the investigated samples was employed to identify them in the spectrum and then to perform correction and activity calculations.
A photo of the experimental setup is reported in Figure 2 .
The activity concentration of 137 Cs and 40 K was calculated using the following formula: where N E indicates the net area of the peak at energy E = 661.66 keV and E = 1,460.8 keV for 137 Cs and 40 K, respectively; ε E and γ d are the efficiency and yield of the photopeak at these energy values, respectively; M is the fresh mass (f.m.) of sample (kg) and t is the live time of the apparatus (s).
A possible risk of radioactivity for human health is expressed by the total annual effective dose due to the ingestion of wild-growing mushrooms, on the basis of the activity concentration and dose conversion factor of the selected radionuclides:
where Y = annual intake of mushrooms (kg f.m. per person), C = activity concentration (Bq/kg f.m.), and d k = dose coefficient (conversion factor) defined as the dose received by an adult per unit intake of radioactivity, equal to 1. 
Results and discussion
The activity concentration of 137 Cs and 40 K for the wild-growing mushrooms collected in the investigated sampling sites is reported in Table 1 . Errors given in Table 1 are the standard deviations of five samples of each mushroom specie measurements.
Several differences can be noted. For example, the highest 137 Cs content was found in A. arvensis, (73.1 ± 4.6) Bq/kg f.m. in the sampling site 2, while the M. konradii in the sampling site 4 had the lower cesium activity, (0.3 ± 0.1) Bq/kg f.m. Furthermore, in the case of A. arvensis the specific activity of 137 Cs was measured in two different places: site 1 (6.1 ± 0.5 Bq/kg f.m.) and site 2 (73.1 ± 4.6 Bq/ kg f.m.); for B. aereus the activity concentration of radiocesium was measured in the site 1 (0.5 ± 0.1 Bq/kg f.m.) and in the site 2 (11.1 ± 0.9 Bq/kg f.m.); in the case of L. deliciosus the specific activity of 137 Cs was measured in the site 2 (7.8 ± 0.8 Bq/kg f.m.) and in the site 4 (5.6 ± 0.8 Bq/ kg f.m.); for B. edulis the activity concentration of radiocesium was measured in the site 2 (51.7 ± 3.1 Bq/kg f.m.) and in the site 3 (0.4 ± 0.1 Bq/kg f.m.). There are several factors affecting the 137 Cs content in mushrooms. First, the quantity deposited onto soil is closely related to the range of the contents, especially to the maximum content (UNSCEAR, 2000) . The Chernobyl fallout was Leccinum quercinum 0.8 ± 0.2 74.1 ± 6.6
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Cs content also varies from one specie of mushroom to another, according to the type of nutritional mechanism and the habitat of the mycelium (Ban-Nai, Muramatsu, & Yoshida, 1997; Yoshida & Muramatsu, 1994) .
Regarding to the radioisotope 40 K (0.012% of natural potassium), the highest content was found in A. arvensis, (161.3 ± 12.9) Bq/kg f.m. in the sampling site 1, while the Boletus edulis in the sampling site 3 had the lower specific activity (46.9 ± 10.7) Bq/kg f.m. As potassium is an essential nutrient, its range of variation is limited.
Although cesium is a chemical analog of potassium, no correlation between 137 Cs and 40 K was found, suggesting different uptake mechanisms for these two elements (Mietelski, Jasinska, Kubica, Kozak, & Macharski, 1994) .
All these experimental results, shown in Figure 3 , put in evidence a very low contamination level, compared to the specific activity limit set by the international legislation at 600 Bq/kg f.m. for The effective dose was estimated by Equation (2) very conservatively, assuming the worst scenario: all species of mushroom can be considered as edible, they are eaten raw and the entire radionuclide content in the mushroom can be assimilated by man. The mass of consumed samples was fixed at about 850 g per person per year, according to the literature (Tagliavini & Tagliavini, 2003) . The estimated total annual effective dose for the ingestion of wild-growing mushrooms, due to 137 Cs and 40 K radionuclides, is reported in Table 2 and shown in Figure 4 . It ranges from 0.25 μSv/y (Boletus edulis in site 3) to 1.35 μSv/y (Boletus edulis in site 2), much lower than the recommended level for the public (1 mSv/y) (ICRP, 2012) .
Despite the very conservative criteria used in the foregoing estimations of the dose by ingestion, mushrooms are not usually eaten raw. They are generally cooked and consumed immediately or preserved. Some cooking procedures can significantly reduce the radiocesium content: washing (about 20%), boiling (40-87%), salt (36-63%), frying (about 70%), and pickling (59-73%), as reported in literature (Aumann, Cloth, Steffan, & Steglich, 1989; Beresford et al., 2001) .
They are all summarized in Table 3 . 
Conclusions
Mushrooms can accumulate radionuclides in the same way as they do heavy metals and for this reason they are considered as bioindicators of environmental pollution. As no significant radioactive material was transported into the stratosphere after the Chernobyl accident, it largely remained in the troposphere and then deposited on the earth's surface through the rainfall. After about 30 years since the Chernobyl nuclear accident, the cesium levels found in mushrooms of the Calabria region, south of Italy, are very low compared to the limit set by the international legislation.
Differences observed between different species of mushrooms can be due to the different contamination of the selected sampling site, nutritional mechanism, mycelium depth, climate, and bioavailability of the radionuclide.
To evaluate any possible risk of radioactivity for human health due to the ingestion of mushrooms, the effective dose for adult members of the population was estimated. It was found in the range from 0.25 to 1.35 μSv/y, much lower than the recommended level from the ICRP (1 mSv/y).
Data reported in this article provide useful information on the environmental risk of the studied area and can be further used for a radiological mapping. 
